Human development, energy, and greenhouse gases are inherently linked under current technology constraints. An empirical comparison illustrates that nations with higher human development values (in terms of the United Nation's Human Development Index (HDI)) contribute more carbon dioxide (CO 2 ) emissions as a result of greater energy consumption. This finding seemingly places environmental sustainability at odds with advances in human development. However, the comparison also exposes the diminishing returns to HDI that accrue as emissions increase. If accurate, this relationship suggests that the developed world can make emission cuts without experiencing major set-backs in human well-being. It also suggests that under a global mitigation system, emission cuts in developed nations could enable emission increases in underdeveloped countries that result in major improvements to the human condition. Therefore, we investigate the diminishing returns to HDI in the context of sustainable climate policy design. We find that the saturation-like trend is inherent to development indicators and not driven by the functional form of the HDI. Also, the global trend is not consistently detected when the development pathways of individual nations are examined. Nevertheless, a clear relationship between CO 2 and HDI emerges within the least developed nations, fourteen of which show consistent advances in HDI as emissions increase over time. These findings suggest that sustainable climate policy should not allocate emission rights away from these nations. Furthermore, most developed nations exhibit periods of HDI improvement while emissions decline, reinforcing the criticality of employing broader development measures beyond indicators of income for sustainable policy design.
Introduction

The Energy-CO 2 -Development Nexus
It is undeniable that energy is fundamental for human development. The exploitation of inexpensive fossil fuels has historically been the foundation of the industrial and agricultural revolutions, which enabled remarkable increases in the standard of living for hundreds of millions people. On the other hand, countries with poor access to modern energy resources remain in poverty; over 1.6 billion people (almost one third of humanity) have no electricity and consequently lack essential energy services for schools, health centers and income generation (Birol, 2007) . In fact, no country consuming the energy equivalent to 750 kg of oil per year per capita achieves an average life expectancy of over 75 years (World Bank, 2011) . However, energy has a down-side under current technology constraints. The combustion of fossil fuels for energy production is the primary source of harmful greenhouse gas (GHG) emissions contributing to climate change (Barker et al., 2007) . Also, it will be at least several decades before renewable-energy industries can substantially replace oil, coal, and natural gas energy sources (Ayres & Ayres, 2010) . A further complication is that the inequities of how energy is consumed globally translate into differentiating responsibilities for contributing to global warming. In 2004, developed countries (Annex I countries under Kyoto) had 20% of the world's population, but accounted for 46% of global GHG emissions. On the other hand, 80% of the population living in developing nations (non-Annex I countries under Kyoto) emitted 54% (Barker et al., 2007) . In terms of regional per capita improvements in the quality of life for individuals within the world's least developed nations. Thus climate policy and sustainable development, i.e., development that gives priority to the needs of the poor and recognizes the limitations of the environment's ability to support humanity (United Nations, 1987) , are inherently interrelated; efforts to address one without considerations of the other will likely be unsuccessful (Beg et al., 2002; Swart, Robison, & Cohen, 2003) . This research therefore explores the relationship between per capita CO 2 emissions and the observed diminishing returns to HDI in many countries to clarify its implications for sustainable global climate policy.
Literature Review
The diminishing returns to HDI when compared with energy and/or CO 2 emissions have been identified previously. For example, Pasternak (2000) examined the relationship between HDI and per capita electricity consumption for 60 countries and estimated the electricity consumption needed to bring all countries to the 4,000 kWh per year level, the threshold for achieving an HDI of 0.9 or greater in 1997. Martinez and Ebenhack (2008) showed that the diminishing return to HDI from per capita energy consumption for 120 countries was stronger when major energy exporting countries (e.g., OPEC nations) were filtered out. Also, Mechtenberg et al. (2012) found that human development is exponentially related to electricity consumption and uses the relationship to identify nations with low HDI that may benefit from human powered electricity generation. However, what these authors fail to elucidate is how the aggregation of the data included in the HDI influences the relationship they observe. That is, the methodology used to aggregate diverse data-sets (e.g., with different units and distinct ranges) may oversimplify or exaggerate important aspects of data, thereby potentially misleading decision-makers (Prado, Rogers, & Seager, 2012) .
Moreover, there is a paucity of information on how the relationship between HDI and energy or CO 2 indicators changes over time. In a few instances, authors have compared an early data set (circa 1960's & 1970's) to more recently reported data (1990's and early 2000's), noting improvements in the HDI attainable at different levels of energy (Suarez, 1995; Pasternak, 2000) . Also, HDI and ecological footprint were found to increase together when country-level data for both indicators are contrasted for the years 1975 and 2003 (Moran, Wackernagel, Kitzes, Golfinger, & Boutaud, 2008) . There are, however, only two studies (by the same lead author) that consider changes in HDI for more than two points in time (necessary to observe the saturation-like effect). One study computed regressions for HDI versus per capita primary energy at the aggregate level (for 80 countries) and territorial based carbon emissions data (for 93 countries) from 1975 to 2005 (Steinberger & Roberts, 2010) . They found that HDI levels were achieved at decreasing levels of energy and carbon emissions over time and show the differences in energy/carbon trends with increasing HDI for six select countries over the same time period. A more recent study compared both energy and carbon emissions to human development indicators (life expectancy and GDP) for many countries in 2004. The diversity in development trajectories of thirteen select nations was also shown. One of the key findings was that high life expectancy can be achieved at a large range of carbon emission levels, whereas income is much more closely linked with carbon. This is an important finding, as it suggests that mitigation on the part of the developed nations, even if it negatively impacts income, does not necessarily mean significant costs to non-income components of human well-being (Steinberger, Roberts, Peters, & Baiocchi, 2012) . This latter study, in particular, emphasizes the criticality of considering broader measures of development, beyond measures of income, when assessing sustainable climate policy.
Research Objectives
The key point is that the relationship between CO 2 and human development has critical implications for global climate policy. If CO 2 is a necessary component for human development advances, than sustainable climate policy would include mechanisms that protect the minimum amount of CO 2 needed for sufficient development. This research seeks to clarify this relationship further in two specific ways. First, we investigate the 2010 HDI methodology to determine how the index calculation influences the diminishing returns to HDI as per capita CO 2 emissions increase. This will elucidate how valuable the HDI is in terms of informing sustainable climate policy. Second, we examine individual development pathways of countries from 1990-2010 to determine if the diminishing returns to HDI we observe at the global level is also exhibited by individual countries, as their consumption-based per capita CO 2 emissions increase over time. Studying the distinct development pathways of nations compared to their CO 2 emissions is important to assess the implications of mitigation efforts on country-level human development.
Method
Taking a systems approach to the sustainability issues of climate change and sustainable development require considerations of economic, social and environmental aspects of these challenges. Our investigation is therefore designed to include indicators for each sustainability pillar. The environmental pillar is reflected in our independent variable: consumption-based CO 2 emissions per capita. The economic and social dimensions are represented via indicators within the HDI, our dependent variable. In this section we describe the reasons for using these particular variables for this research.
Independent Variable: Consumption-Based Per Capita CO 2 Emissions
Under the Intergovernmental Panel on Climate Change (IPCC) accounting rules, mitigation only applies to "greenhouse gas emissions and removals taking place within national territory and offshore areas over which the country has jurisdiction", also known as a country's territorial emissions (IPCC, 2008) . The problem is that inventories of territorial emissions do not include life-cycle considerations. That is, it assigns the carbon-dioxide of goods produced for export to the producing countries (i.e., the exporters), rather than the consuming countries (i.e., the importers). Consequently, results indicate that CO 2 emissions in developed nations have generally stabilized, while emissions from developing nations have about doubled since 1990 (Le Quéré et al., 2009 ).
Alternatively, Peters, Mix, Weber, and Edenhofer (2011) provides us with a consumption-based emissions accounting methodology that considers emission transfers between nations via international trade from 1990-2010; territorial emission inventories are adjusted using estimates of net emission transfers (defined as CO 2 emissions in each country minus the emissions in other countries to produce imported goods and services). The consumption-based emission data used in this research use inventories that include CO 2 from fossil-fuel combustion, cement production, and gas flaring and do not include emissions from land-use change, such as deforestation. To adjust territorial data for trade, emissions that occur in the supply chain of consumer goods and services are allocated to the appropriate nation based on environmentally extended input-output analysis (see methods section of Peters et al., 2011) . Studies suggest that uncertainty is higher for consumption-based emissions compared with territorial emissions (Lenzen, Wood, & Wiedmann, 2010) , however they also indicate that the trends and absolute values are consistent across data, methods, and independent studies (Peters, Davis, & Andrew, 2012; Wiedmann, Lenzen, Turner, & Barrett, 2007; Wiedmann, 2009) . To remain consistent with the consumption-based emission data-set from Peters et al. (2011) , this paper distinguishes developed nations as the countries included in Annex B and the developing and/or underdeveloped nations are classified as the non-Annex B countries to the Kyoto Protocol.
Unlike territorial based emission accounting (that do not take trade into account), consumption-based inventories show that most developed countries have significantly increased their GHG emissions since 1990, despite their Kyoto commitments, through the consumption of goods and services produced in developing nations (Peters et al., 2011) . They also result in higher correlations with human development indicators (i.e., life expectancy, income, literacy, & HDI) when compared to territorial emission accounting (Steinberger et al., 2012) . That is, shifting from territorial to consumption-based emissions results in countries moving closer to the regression curve (i.e., the green curve in Figure 1 ); in general, developed nations (or net importers) move right and many developing countries (net exporters) tend to shift left on the graph (see Figure 1 in Steinberger et al., 2012) . The results are useful to understand the distribution of final goods and services as well as the benefit gained by consumers from the embodied emissions of products, both reasons why we employ consumption-based emission data in this research.
One drawback is that trade-corrected inventories do not apportion emissions to the indirect socio-economic gains that may accrue in a nation from product manufacture and export (e.g., employment, technology advancements). For example, the impact of foreign direct investments on the human development of host countries is a popular topic in development studies (e.g., Reiter, 2010; Rodrik, 2006; Sharma & Gani, 2004) . Moreover, development theory and case studies suggest that manufacturing (whether it's driven by foreign investors or domestic efforts) has been the cornerstone of development (especially economic growth) in many nations (e.g., Gereffi, 1989; Hartwick & Peet, 2009; Anwar, 2008) . The implications of this for our results are included the discussion section of this paper. Here, we focus on per capita consumption-based emissions (total emissions attributed to a nation, divided by the population), which approximates the distribution of emissions among individuals within a nation.
Human Development Index
We measure human development in terms of the United Nations Human Development Index (HDI), which provides a composite measure of a nation's income, education and health standards. The HDI is inspired by the capabilities approach to justice, which is a theory of basic human entitlements that provides a standard for determining whether people possess the various capabilities necessary for living a genuinely human life (Sen, 1999a (Sen, , 1999b Nussbaum & Sen, 1992; Nussbaum, 2000 Nussbaum, , 2006 . Using the HDI for measuring human welfare establishes a broader understanding of human well-being (compared with consumption measures alone), which www.ccsenet.org/jsd Journal of Sustainable Development Vol. 6, No. 6; is important for climate mitigation policy because it addresses factors that are basic for human life to function and flourish, which will be critical if we are to implement a concept of climate justice that allows for the basic functioning of human communities and the environment (Schlosberg, 2009) . All HDI data used in this research were retrieved from the United Nations Development Programme's database (available at http://hdr.undp.org/en/statistics/). The next section outlines the methodology employed to determine a nation's HDI level, and how the process influences the CO 2 /development relationship.
2010 HDI Methodology
The HDI is inherently complicated by the task of aggregating data in different units and diverse scales of measurement. The HDI dimension of education combines mean years of schooling for adults and expected years of schooling for children (weighted equally), with a range of zero to about twenty years. Also, health is measured by life expectancy at birth with a range of 20 to about 80 years. Lastly, the income dimension is reported in Gross National Income (GNI) per capita PPP$ (which includes international economic transfers), with a range from $100 to $108,000. In most cases, the goalposts for each dimension are observed maxima and minima for all countries (Table 1) . Before aggregating the data, the HDI uses a rescaling procedure to normalize the indicators to an identical range between zero and one. Both life expectancy and years of schooling are transformed linearly (Equation 1). The income index is normalized differently using a logarithmic transformation (Equation 2). Finally all three indices are aggregated using a geometric mean (Equation 3), assigning equal weight to each dimension (Klugman, Rodrigues, & Choi, 2011) . For a graphical depiction of this normalization procedure, refer to Figure 2 . The normalization, weighting, and aggregation inherent to the HDI could distort outcomes (Prado & Seager, 2011) , especially since normative judgments are used to justify procedures (Kovacevic, 2010) . For example, the 2010 HDI assigns equal weights to all three dimensions, reflecting the notion that health, education and income are equally important to human development (it is also statistically justified, see Noorbakhsh, 1998) . Furthermore, the logarithmic normalization of the income index is based on the assumption that increases in income have a diminishing marginal effect on human well-being (Kovacecic & Aguna, 2010; Stanton, 2007; Cahill, 2002; Haq, 1999) . In other words, the logarithmic transformation reflects the notion that people do not need excessive financial resources to ensure a decent standard of living.
Using a natural logarithm to normalize income is of particular concern for this research, since it produces a saturation-like trend between GNI and per capita CO 2 that is not observed before the normalization procedure (see Figure 2 (c) and 2(d)). Consequently, countries with GNI levels near the reported minimum see greater returns in HDI than those with high GNI levels for the same income increase. For example, the highest valuation Vol. 6, No. 6; 2013 43 The patterns of declining CO 2 emissions in Figure 5 are evidence of two economic recessions that occurred in the early 1990's and late 2000's. The recession of the early 1990s (associated with the beginning of the Gulf War and resulting spike in oil prices) affected the US economy greatly as well as other economies closely linked with them, such as Canada, Australia, the United Kingdom, as well as Europe and Japan to a lesser degree (McNees, 1992) . The more recent recession (associated with the U.S. housing bubble) damaged financial institutions in developed nations around the world (Gore, 2010) . In most cases, the declines in CO 2 coincide with little to no growth in income, whereas health and education continue to prosper, resulting in an overall increase in HDI for those time periods. This could be good news for climate policy because it is an indication that some developed economies are able to maintain human development improvements despite the potential negative economic impacts of mitigation policies. Of course, our analysis does not tell us anything about the long term ability of these nations to withstand economic declines without sacrifices in health and education.
Discussion
According to the consumption-based emission data we employ in this research, a typical American emits just under 19 tons of CO 2 a year, which is about 12 times that of an average Indian and 60 times that of an average individual living in Mozambique. This research shows that the HDI level attained at these wide ranges of emissions is driven by both the indicators chosen and how the indicators are aggregated. In terms of income, education, and health indicators it is clear that industrialized nations are emitting far more CO 2 than necessary to maintain high levels of human well-being. The HDI sensitivity analysis shows that neither the method of normalization or aggregation actually causes the diminishing returns to HDI from CO 2 emissions, but does influence the rate of return, the range of HDI values attained by nations, as well as the saturation level of the data regression curves. Bearing this mind, the HDI is particularly valuable for country comparisons and ranking (Kovacecic & Aguna, 2010) but less appropriate for specific climate policy design. That is, Figure 1 is helpful to show the relative achievements of nations at various levels of CO 2 emissions, and thus useful in determining which nations are being more efficient with their emissions than others in terms of human development, but it should not be the sole basis for assigning emission reduction targets to individual nations.
The country-level investigation finds that a little over a third of the nations we examined have pathways from 1990-2010 consistent with the global 2010 trend (shown in Figure 1) , and a small minority display alternative trajectories during that time. This means that over half the nations exhibit more complex development pathways (many of them developed nations) than our hypothesis suggests, a portion of which can be explained by declines in per capita CO 2 emissions and income during two economic recessions (see Figure 5) . That leaves about one third of nations whose development pathways differ from the aforementioned patterns, indicating that a generalizable model of development for all nations is non-existent.
Nevertheless, this analysis does reveal important findings for designing future climate policy. Although developed nations generally do not display consistent development trends at the country level, most reveal times when their HDI levels continue to increase while their per capita CO 2 emissions decrease. We see this most clearly among developed nations during times of economic recessions ( Figure 5 ). These declines in CO 2 are typically reflected in little to no growth in the income dimension of the HDI, whereas life expectancy and years of schooling typically continue to rise, resulting in an overall higher HDI level. However, given the relatively short time period examined here, the sustainability of these non-income parameters in unknown. Regardless, if policy-makers use income as the sole proxy for human development, it is clear that mitigation efforts become equated with a lower quality of life, which reduces the likelihood of mitigation support. However, if development is viewed in a broader sense, as in the HDI, mitigation doesn't necessarily mean sacrifices to a person's overall well-being. The challenge is then to shift the focus of development away from material consumption and more towards less GHG intensive goals, such as quality of education and healthier lifestyles. Simultaneously, the challenge of further decoupling energy from carbon needs to be addressed, in which renewable energy technology development will likely play a significant role.
On the other hand, when we zoom in on the pathways of the least developed nations (such as those with 1990 HDI levels under 0.5; some of which are displayed in Figure 4b ), they overwhelmingly show large gains in HDI from little to no increases in consumption-based CO 2 emissions. The instances where developing nations do experience HDI increases with no increase in CO 2 (or even declines in CO 2 ) could be the result of rapid population increases during the time period or may be a result of nations that primarily manufacture goods and services for export and consumption elsewhere. As mentioned previously, domestic manufacturing, even if the products are consumed elsewhere (meaning that the emissions would be allocated to another country), can lead to local human development improvements in the form of jobs and wages which under the right circumstances may also lead to health and education improvements (e.g., Heintz, 2007; Chudnovsky & Lopez, 2002; Reiter, 2010) . Nevertheless, the fact that fourteen of the nations examined display consistent upward trends in HDI as their per capita CO 2 emissions increase indicates that under current technology constraints, CO 2 emissions are likely a co-requisite for human development improvements within the least developed nations of the world.
Moreover, our findings inform discussions of equitable CO 2 distributions in the context of sustainable policy design. On the one hand, some propose that carbon emissions should be allocated on an equal per capita basis (e.g., Singer, 2004; Jamieson, 2005) . Alternatively, others appeal to the fact that emissions play very different roles in people's lives and therefore emission rights should be allocated in a way that those differences are reflected (Shue, 1993; Lomborg, 2001) . For example, Shue (1993) points out the differences between what he calls 'subsistence' and 'luxury' emissions and argues that it would be unjust to ask individuals to surrender necessities so that others can retain luxuries. Our analysis supports the latter, since, CO 2 is found to play a significant role in the ability of developing countries to achieve improvements in HDI, yet not always necessary to improve HDI levels within developed nations.
Furthermore, the fact that underdeveloped nations experience significant gains in HDI from relatively small increases in per capita emissions suggests that under a system of global mitigation, emission rights should be allocated towards (and not away from) these nations. Typically, market-based approaches to mitigation seek the opposite by allocating emissions in a way that optimizes profitability (i.e., maximizes GDP per unit of emission). Consequently, emission rights are allocated to the richest and most developed nations. Alternatively, if climate policies were framed to optimize advances in human development per unit of emission, the policy structure would protect the emission rights of the least developed nations, while enforcing emission reductions on the already sufficiently developed nations. Although the details of Kyoto's predecessor have yet to be determined, country leaders are currently discussing a "universal, legally binding international agreement" under which all major emitters would contribute to the mitigation effort at some level (UNEP, 2012). Our findings suggest that emission reductions or limits placed on developing nations (especially in the 14 nations identified in Figure 4b ) would likely inhibit necessary human development improvements (such as access to modern energy sources) within those nations. This result would be in direct opposition of the United Nation's definition of sustainable development (1987), since it would take priority away from fulfilling the essential needs the world's poor.
